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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
In the present work, fatigue test results in the very high cycle fatigue (VHCF) regime are discussed. Experiments were performed 
with smooth specimens in which crack initiation mostly originated at non-metallic inclusions. Additionally, the influence of 
small artificial defect, i.e. circumferential notches, drilled holes and corrosion pits, was investigated. Fatigue tests in the VHCF 
regime were conducted using ultrasonic fatigue testing technique. Further experiments in the high cycle fatigue regime were 
performed using rotating bending and servo-hydraulic testing machines. 
For smooth specimens, fatigue fracture was observed even at more than 1010 number of cycles. In contrast, no fatigue failure 
occurred above approximately 107 cycles in the presence of artificial defects, i.e., a pronounced fatigue limit was determined. 
Furthermore, it was found that the fatigue limit is not only depending on the defect size but also on the notch root radius of a 
defect. Consequently, different approaches were used to predict the fatigue limit in the presence of different defects.
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1. Introduction
Precipitation-hardened chromium-nickel-copper stainless steel 17-4PH possesses high strength, toughness and 
good corrosion resistance. Therefore, it is widely used in applications where good corrosion resistance as well as 
high strength are required, e.g. in the aerospace, chemical, food processing, paper and power industry. 
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In the last few decades, a number of investigations on the fatigue properties of 17-4 PH stainless steel have been 
performed. However, only limited results in the very high cycle fatigue (VHCF) regime are available and only few 
studies on the defect tolerance have been published until now. In our previous study (Schönbauer et al. (2016)), the 
VHCF properties of smooth specimens were discussed and the influence of load ratio was investigated. Furthermore, 
the corrosion fatigue behavior with focus on pitting corrosion was studied by Schönbauer et al. (2015).
For the present work, fatigue tests up to the VHCF regime were performed with specimens containing different 
kind of defects. The results are compared with data obtained from tests on smooth specimens in which failure mostly 
originated at non-metallic inclusions. The determined fatigue limits are evaluated using different predictive 
approaches.
2. Material and experimental
The investigated material was precipitation-hardened chromium–nickel–copper stainless steel 17-4PH hardened 
at 913 °C and age-hardened at 621 °C for 4 h (condition H1150). The chemical composition of the test material and 
the mechanical properties are summarized in Tables 1 and 2, respectively. The grain size was independent of 
orientation with an average size of 11 µm. 
Table 1. Chemical composition of 17-4PH in weight %.
C Si Mn Cr Cu Ni Nb + Ta P S
0.033 0.40 0.49 15.57 3.31 4.37 0.23 0.027 0.001
Table 2. Mechanical properties of 17-4PH (condition H1150).
Tensile strength (MPa) Yield strength (MPa) Elongation (%) Reduction of area (%) Vickers hardness (kgf/mm²)
1030 983 21 61 352
Fatigue tests were performed using ultrasonic fatigue testing technique developed at BOKU (Mayer (2015)), a
rotating bending testing machine and a servohydraulic testing machine. Dumbbell shaped specimens with ground 
and, in most cases, electropolished surfaces were used. In some of the specimens, artificial defects were introduced 
(circumferential notches, drilled holes and corrosion pits) in the gauge length (see Fig. 1), and the specimens were 
stress relief annealed (1 h at 600 °C in vacuum) to remove any residual stresses that were possibly generated during 
lathing or drilling.
Fig. 1. Ultrasonic fatigue test specimen with artificial defects (corrosion pit, drilled hole or circumferential sharp notch) in the gauge area.
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The depth of the circumferential notches were 10 µm, 30 µm and 80 µm with an opening angle of 60° and a
notch root radius of 6 – 9 µm. The diameter of the drilled holes was 50 µm, 100 µm and 300 µm and the ratio of the 
depth, a, and half of the diameter at the surface, c, was a/c = 1.25 which is comparable to the shape of artificially
generated corrosion pits as reported in Schönbauer et al. (2015).
For more details about the material properties, the specimen geometry and the experimental procedure, we refer 
to Schönbauer et al. (2016).
3. Results and discussion
3.1. S-N test results
The S-N test results of smooth and defect containing specimens at R = -1 are summarized in Fig. 2. Compared to 
smooth specimens in which failure occurs from intrinsic defects, the lifetime significantly decreases in the presence 
of artificial defects. However, the S-N curves for different kind of defects (corrosion pits, drilled holes and 
circumferential sharp notches) are difficult to distinguish as shown in Fig. 2(a), therefore, each fatigue limit is 
plotted in a Kitagawa-Takahashi type diagram in Fig. 2(b). It can be seen that the fatigue limit, ∆σw, clearly depends 
on the defect size, which is defined as the square root of the projection area perpendicular to the loading direction, 
√area, according to Murakami and Endo (1986).
The results obtained by different testing methods (ultrasonic fatigue testing at approx. 20 kHz, rotating bending 
testing and servohydraulic testing at frequencies between 40 and 67 Hz) led to comparable lifetimes and fatigue 
limits. However, the tests at 20 kHz enabled to determine the fatigue limit at 109 cycles for defect-containing 
specimens. For smooth specimens, failure even occurred above 109 cycles and the fracture probability of 50% at 
1010 cycles was found to be 997 MPa (see Schönbauer et al. (2015)).
In contrast to smooth specimens, defect-containing specimens did not fail above 2×107 cycles. This behavior is 
most probably due to an effect of a distinct stress concentration at the notch root of defects that promotes the stage 
of crack initiation which usually takes up most of the life time. Nevertheless, most of the run-out specimens that 
survived at least 2×107 cycles showed non-propagating cracks at the notch roots.
Fig. 2. (a) S-N diagram for specimens containing intrinsic and artificial defects (open symbols mark run-out specimens). 
(b) Fatigue limit, ∆σw, vs. defect size, √area. (R = -1)
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3.2. Fatigue limit prediction for small defects
In the presence of small surface defects, the fatigue limit can be predicted using the √area parameter model 
proposed by Murakami and Endo (1986):
( ) 6/1
)120(43.12
area
HV
w
+⋅
⋅=∆σ (1)
with √area in µm, and the Vickers hardness HV in kgf/mm². The defect size of corrosion pits and drilled holes, 
√area, was determined from the fracture surfaces of failed specimens, and the relationship √area = √10 ∙ d was 
used for circumferential notches with depth d (see Murakami and Endo (1986)).
The prediction according to Eq. (1) is plotted as a solid line in Fig. 2(b), and the fatigue limit of drilled holes with 
a diameter of 50 µm (√area = 35 µm) as well as circumferential sharp notches with a depth of 10 µm 
(√area = 32 µm) and 30 µm (√area = 95 µm) and corrosion pits with √area ≈ 100 µm is in good agreement.
As shown in our previous work (Schönbauer et al. (2016)), smooth specimens failed from internal non-metallic 
inclusions (√area ≈ 10 µm) or small pits at the surface that nucleated during electropolishing. In Fig. 2(b), the 
fracture probability of 50% at 1010 cycles (997 MPa) for smooth specimens determined by Schönbauer et al. (2015)
is plotted with a half-solid symbol. Again, the fatigue strength is in good agreement with the prediction according to 
Eq. (1). However, it is noted that Eq. (1) is only applicable for surface defects (or cracks). For internal defects, the 
factor of 1.43 in Eq. (1) needs to be exchanged by the factor of 1.56 which leads to a slightly higher predicted 
fatigue limit. Nonetheless, Eq. (1) gives an appropriate estimation of the fatigue strength for intrinsic defects and 
more details can be found in Schönbauer et al. (2016).
In contrast, drilled holes with a diameter of 100 µm (√area = 69 µm, symbol:) and 300 µm (√area = 208 µm,
symbol:) show significantly higher fatigue limits compared to the prediction. Furthermore, the prediction 
according to Eq. (1) becomes non-conservative for circumferential sharp notches with a depth of 80 µm 
(√area = 253 µm, symbol:), which can be explained by the comparably large defect size. Both cases are discussed 
in the following sections.
3.3. Fatigue limit prediction for larger defects with small notch root radius
The √area parameter model is limited to small cracks or defects, and the threshold stress intensity factor range, 
∆Κth, is size dependent. Above a specific transition size, which is a material parameter, the threshold becomes a 
constant value, ∆Κth,lc. While the transition size of numerous steels is in the range of approximately 1 mm (see, e.g., 
Murakami (2002)), it can be significantly smaller for steels with high strength and a low value of ∆Κth,lc. The stress 
intensity factor range of a surface defect can be calculated using the following formula (Murakami (2002)):
areaK πσ ⋅∆⋅=∆ 65.0 (2)
and the fatigue limit for a large defect can be estimated by:
area
K
w
π
σ
⋅
∆
=∆
65.0
lcth, (3)
The threshold stress intensity factor range of a long crack is ∆Κth,lc = 6.7 MPa√m for the investigated material as 
reported by Schönbauer et al. (2015). Inserting this value in Eq. (3) enables to plot a prediction line for large defects 
as shown in Fig. 2(b), see dashed-dotted line. The intersection of the lines according to Eq. (1) and Eq. (3) 
corresponds to the transition size of a defect above which the threshold stress intensity becomes size-independent. 
For the investigated 17-4PH stainless steel, the transition size is √area = 80 µm. It is seen that the fatigue limit of 
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circumferential sharp notches with a depth of 80 µm (√area = 253 µm, symbol:) can be well estimated using 
Eq. (3).
Further tests with specimens containing drilled holes were performed by initiating small cracks at the edge of the 
hole as shown in Fig. 3. After crack initiation at high stress ranges, fatigue testing was stopped and the specimens 
were stress relief annealed in vacuum at 600°C for one hour. Then, the specimens were again tested at lower stress 
ranges for at least 108 cycles. If no further crack propagation was observed, stress relief annealing was again 
conducted and fatigue loading was repeated at a slightly higher stress range than before. This procedure was 
repeated until further crack propagation was observed, and the determined fatigue limits for the corresponding crack 
sizes are plotted in Fig. 2(b). It is seen that these fatigue limits (symbol: ) are in very good accordance with that of 
the 80 µm deep sharp notched specimens (symbol:) and the prediction according to Eq. (3).
Fig. 3. Drilled hole with pre-crack after fatigue loading at ∆σ = 750 MPa for 8.01×105 cycles.
3.4. Fatigue limit prediction for defects with larger notch root radius
As mentioned in Section 2, the size and shape of drilled holes were similar to those of artificial generated 
corrosion pits. However, it is obvious from Fig. (4), that the shape of a corrosion pit is more irregular compared to a 
drilled hole. It can be stated that the notch root radius of a drilled hole is equal to the radius of the drill while a 
corrosion pit locally contains significantly sharper notches. This apparent difference might be the reason for the 
differing fatigue limits of specimen with different defects of same size, and it could also explain the distinct 
decrease of the fatigue limit for specimens containing drilled holes after pre-cracking (i.e., in the presence of a very 
sharp notch). 
Fig. 4. Comparison of the shape of (a) a corrosion pit and (b) a drilled hole.
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Murakami and Endo (1983) proposed their fracture mechanical model based on the phenomenological fact that 
the fatigue limit is determined by the non-propagation of small cracks. This is in good accordance with the 
observation of non-propagating cracks at most of the defects (circumferential notch, corrosion pit and drilled holes 
with a diameter of 50 µm) when the specimens were tested at the fatigue limit. However, no cracks were visible for 
run-out specimens containing holes with diameters of 100 µm and 300 µm which suggests the use of a different 
approach. 
Nisitani (1968) showed that the notch root radius, ρ, plays an important role for the formation of non-propagating 
cracks. Above a specific value of the notch root radius, ρ0, non-propagating cracks are hardly observable. The 
absence of non-propagating cracks at drilled holes was found for diameters above 100 µm, which suggests that the 
value of ρ0 for the investigated 17 4PH stainless steel is approximately ρ0 ≈ 50 µm.
The reduction of the fatigue limit in the presence of a notch is often expressed by the fatigue notch factor kf
which is the ratio of the fatigue limit of smooth and notched specimens kf = ∆σw0/∆σw. A widely used equation for kf
was provided by Peterson (1959):
ρ
β
+
−
+=
1
11 tf
kk , (4)
where kt is the stress concentration factor and β is a material constant. Dowling (2013) provides following equation 
for β for steels:
log(β) = 2.654×10−7⋅σu² − 1.309×10−3⋅σu + 0.01103 (5)
With the ultimate tensile strength of σu = 1030 MPa (cf. Table 2), a value of β = 0.087 mm can be calculated for 
the investigated 17-4PH stainless steel. The notch root radius ρ for drilled holes is equivalent to the half surface 
diameter c = ρ. Values for the stress concentration factor, kt, for drilled holes were numerically determined by 
Noguchi et al. (1988). For holes with a/c = 1.25 and a tip angle of 120°, the stress concentration factor near the 
surface is kt = 2.2. Estimating the fatigue limit for smooth specimens, ∆σw0, with the simple formula 
∆σw0 = 2×(1.6⋅HV) = 1126 MPa, the fatigue limit can be predicted by:
ρβ
σ
σ
/1
11 t
0
+
−
+
∆
=∆ k
w
w . (6)
Eq. (6) is drawn as a dashed lined in Fig. 2(b). It is seen, that this prediction provides a good estimation of the 
fatigue limit for specimens with drilled holes of 100 µm and 300 µm in diameter, i.e. for defects with a notch root 
radius of ρ ≥ 50 µm (symbols: and ).
4. Conclusions
In this work, the influence of intrinsic and artificial defects on the fatigue properties of precipitation hardened 
17-4-PH stainless steel in the high and very high cycle fatigue regime is investigated. It is shown that the use of 
different models for the fatigue limit prediction is necessary depending on the defect size and the notch root radius 
of defects. The dimensions of defects are evaluated by the square root of the projection area perpendicular to the 
loading direction, √area. It is found that the fatigue limit in the presence of small intrinsic or artificial defects with a 
size of √area < 80 µm can be predicted using the √area parameter model which comprises the size dependency of 
the threshold stress intensity factor range. For larger defects with a sharp notch root radius, the fatigue limit can be 
estimated using the constant value for the threshold stress intensity factor range determined from long cracks. 
Furthermore, it is concluded from the experimental data that defects with a notch root radius above approximately 
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With the ultimate tensile strength of σu = 1030 MPa (cf. Table 2), a value of β = 0.087 mm can be calculated for 
the investigated 17-4PH stainless steel. The notch root radius ρ for drilled holes is equivalent to the half surface 
diameter c = ρ. Values for the stress concentration factor, kt, for drilled holes were numerically determined by 
Noguchi et al. (1988). For holes with a/c = 1.25 and a tip angle of 120°, the stress concentration factor near the 
surface is kt = 2.2. Estimating the fatigue limit for smooth specimens, ∆σw0, with the simple formula 
∆σw0 = 2×(1.6⋅HV) = 1126 MPa, the fatigue limit can be predicted by:
ρβ
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w
w . (6)
Eq. (6) is drawn as a dashed lined in Fig. 2(b). It is seen, that this prediction provides a good estimation of the 
fatigue limit for specimens with drilled holes of 100 µm and 300 µm in diameter, i.e. for defects with a notch root 
radius of ρ ≥ 50 µm (symbols: and ).
4. Conclusions
In this work, the influence of intrinsic and artificial defects on the fatigue properties of precipitation hardened 
17-4-PH stainless steel in the high and very high cycle fatigue regime is investigated. It is shown that the use of 
different models for the fatigue limit prediction is necessary depending on the defect size and the notch root radius 
of defects. The dimensions of defects are evaluated by the square root of the projection area perpendicular to the 
loading direction, √area. It is found that the fatigue limit in the presence of small intrinsic or artificial defects with a 
size of √area < 80 µm can be predicted using the √area parameter model which comprises the size dependency of 
the threshold stress intensity factor range. For larger defects with a sharp notch root radius, the fatigue limit can be 
estimated using the constant value for the threshold stress intensity factor range determined from long cracks. 
Furthermore, it is concluded from the experimental data that defects with a notch root radius above approximately 
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50 µm cannot be treated with a fracture mechanical approach for the investigated material. In this case, the fatigue 
limit might be predicted using a fatigue notch factor which integrates the stress concentration factor and the notch 
root radius, e.g. the widely used Peterson equation.
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